Bcl-2-associated athanogene 1 (BAG1) is the first identified member of the BAG protein family, which consists of at least six different members identified in mammals to date. With the exception of BAG5, all BAG family members share the highly conserved BAG domain near the C terminus (37) . The BAG family proteins differ in various other domains, allowing interactions with cellular binding partners and differential subcellular targeting. BAG1 binds to the ATPase domain of the 70-kDa heat shock protein (Hsp70) and its cognate protein Hsc70 (hereafter referred to as Hsp70), which are chaperones, through the BAG domain, thereby serving as a cochaperone and modulating chaperone activity (37) (38) (39) . Moreover, multiple functions of BAG1 have been proposed; these include interaction and activation of the serine/threonine-specific protein kinase Raf-1 via its N-terminal domain (34, 45) as well as binding to steroid hormone and other receptors (2, 45, 50) . Many studies dealing with BAG1 function revealed that it increases resistance to death stimuli when overexpressed in vitro, including in neuronal cells (19, 31, 35, 38, 43, 44) . The neuroprotective effects were confirmed in vivo with transgenic mice overexpressing BAG1. Explanted primary neurons displayed increased resistance against glutamate toxicity. Moreover, BAG1 proved to be neuroprotective against stroke induced by middle cerebral artery occlusion in these mice (18) .
Apart from its antiapoptotic effects, BAG1 also accelerates differentiation when overexpressed in neurons (19) . In fact, BAG1
Ϫ/Ϫ mice die during embryogenesis due to failed neurogenesis (46; unpublished observations), indicating an important role for the BAG1 gene in neuronal differentiation, neuronal survival, or both in vivo. It has been proposed that these multifunctional properties of BAG1 depend on its interactions with cellular binding partners. For example, there is evidence for a balance between BAG1 binding to Raf-1 or Hsp70 (34) . This scenario raises the possibility that BAG1 promotes cell growth by binding to and stimulating the activity of Raf-1, whereas its antiapoptotic effects are modulated by its interaction with Hsp70. Thus, BAG1 may serve as a molecular switch, encouraging cells to proliferate and differentiate under permissive conditions and allowing survival under nonpermissive conditions (34, 37, 45) . Moreover, conflicting data have been reported regarding the modulation of chaperone activity by BAG1. While BAG1 was originally characterized as an inhibitor of Hsp70 activity in vitro, recent evidence suggests that BAG1 can act as a stimulatory or an inhibitory cochaperone, depending on cell type, cofactor expression, and concentration (10, 41) .
To resolve the question of how the interaction of BAG1 and Hsp70 influences chaperone activity in single neuronal cells, we generated a chaperone-dependent yellow fluorescent protein (YFP) folding mutant (cdYFP) and measured its refolding in rat nigral CSM14.1 and human SHSY-5Y neuroblastoma cells stably overexpressing full-length BAG1 or a truncated BAG1 construct (BAG⌬C) lacking the ability to bind Hsp70. Cells overexpressing BAG⌬C were also characterized and compared to those containing full-length BAG1 (19) with re-gard to neuronal differentiation and susceptibility to apoptosis. Here we show for the first time, using intact cells of different species, that BAG1 is a potent inducer of Hsp70 chaperone activity in neurons and that BAG1 neuroprotectivity is dependent on this cochaperone effect. In contrast, the ability of BAG1 to promote neuronal differentiation is independent of Hsp70 binding and cochaperone activity.
MATERIALS AND METHODS
Cloning of constructs and development of cdYFP. Detailed information on constructs can be found in the supplemental material. cdYFP was generated by a single round of random mutagenesis of enhanced YFP, and folding-impaired mutants were selected by visual inspection of the bacterial colony phenotype. The selected mutants, showing fluorescent and nonfluorescent pools of bacteria within one colony, were further selected on the basis of early folding and high fluorescence recovery criteria. The remaining mutants were subjected to bacterial chaperone induction to gauge the dynamic range of the folding response shown by fluorescence and were purified for further spectroscopic characterization.
Fluorescence-based folding assay. Cell lines (CHO, CSM14.1, and SHSY-5Y) grown to Ϯ40% confluence on 25-mm coverslips in six-well tissue culture plates were transfected with 0.5 g of cdYFP or hemagglutinin (HA)-cdYFP per well of a six-well tissue culture plate by using magnet-assisted transfection according to the supplier's protocol (IBA GmbH, Göttingen, Germany) and were allowed to express the protein overnight. Cells were fixed with 4% formaldehyde in phosphate-buffered saline (PBS) for 10 min, washed three times with PBS, and quenched for 10 min with 50 mM Tris (pH 7.5)-100 mM NaCl. For the quantitation of folding efficiency, pECFP (BD Biosciences Clontech) was coexpressed with cdYFP or cells expressing HA-cdYFP were subjected to anti-HA antibody immunofluorescence analysis after permeabilization of fixed cells with 0.1% Triton X-100 in PBS for 20 min. Cells were blocked with 5% bovine serum albumin in PBS prior to incubation for 2 h with a 1:1,000 dilution of the primary anti-HA monoclonal antibody (Covance Research Products, Columbia, Mo.) and subsequent incubation for 1 h with a 1:300 dilution of the Cy5-labeled goat anti-mouse secondary antibody (Jackson Laboratories, Bar Harbor, Maine). Cells were mounted in Mowiol. Three 5-min washes with PBS were performed between the steps. Cells were imaged by using a Leica SP2 confocal laser scanning microscope equipped with an AOBS acoustooptical beam splitter, allowing custom selection of emission detection bands. For the detection of YFP fluorescence, cells were excited with the 514-nm argon laser line, and emission was recorded at 525 to 600 nm. For the detection of cyan fluorescent protein (CFP) fluorescence, excitation was done with the 458-nm argon laser line, and emission was recorded at 465 to 520 nm. For the detection of Cy5 fluorescence, excitation was done with the 633-nm HeNe laser line, and emission was recorded at 640 to 750 nm. Photomultiplier tube gains were kept constant for each emission range throughout the acquisitions. CFP or Cy5 fluorescence serves as an inert concentration reference for the total concentration of cdYFP. The folding efficiency was retrieved by simple image arithmetic (YFP fluorescence/reference fluorescence) by using ImageJ software (http://rsb.info.nih.gov/ij/). The image intensity values were corrected for the various laser power settings needed to obtain proper photon statistics under the various conditions. The laser power settings were shown to be linearly calibrated by comparison of the fluorescence intensities of fluorescent beads at various settings. The ratio images were masked based on threshold fluorescence intensities in the CFP or Cy5 channel to remove noise in the noncellular background. The folding ratios were always normalized to the first, partial folding peak in wild-type cells (see Results) , so that the effects on the folding response were expressed in units of native folding activity. Folding ratio frequency histograms were obtained from masked images of 10 cells for each condition, unless indicated otherwise. For the Cy5 masking, the nucleus was also masked on the basis of its lower Cy5 signals, which represent incomplete penetration of the labeled antibody, a situation that would alter the folding statistics. Folding ratio frequency histograms were analyzed by using the Igor analysis package. Individual histograms were summed, and cumulative histograms were normalized to the integrated counts, i.e., to the number of observed pixels per experimental data set.
Stable transfection. The rat nigrostriatal cell line CSM14.1, immortalized by introduction of the temperature-sensitive simian virus 40 large T antigen, and SHSY-5Y cells were maintained in Dulbecco's modified Eagle's medium (PAA, Pasching, Austria) supplemented with 10% fetal bovine serum (PAA), 1 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin sulfate/ml at either 32°C (permissive temperature) or 39°C (nonpermissive temperature) for CSM14.1 cells (49) and at 37°C for SHSY-5Y cells. For stable transfection, 50 to 70% confluent cells in six-well plates were incubated with Lipofectamine 2000 according to the supplier's protocol (Invitrogen, Carlsbad, Calif.) in serum-free medium containing 3 g of pcDNA3.1(ϩ) plasmid DNA (Invitrogen) expressing a myc tag-encoding fragment subcloned with HindIII/EcoRI and the BAG⌬C DNA subcloned with EcoRI/XhoI, representing a 5:1 ratio of specific plasmid to puromycin resistance plasmid (pBabe-puro). After 3 h at 32°C, serum-containing medium was added, and the cells were incubated overnight. SHSY-5Y cells were transfected only with 3 g of pCI-neo plasmid DNA (Promega, Madison, Wis.) containing a FLAG tag subcloned with XhoI/SalI and mBAG1 DNA subcloned with SalI/NotI. Finally, the transfection agent was replaced with medium containing 10% fetal bovine serum. Selection with 4 g of puromycin (CSM14.1 cells) or 250 g of G418 (SHSY-5Y cells) in complete medium was started on the next day. After 5 days, cells were placed in 96-well plates (0.5 cell per well) with selection medium; 3 to 4 weeks later, wells containing single clones were identified by light microscopy. Cells were transferred to larger plates for expansion and further processing.
Empty vector-transfected cells as well as nontransfected CSM14.1 cells, both referred to as wild-type cells, served as control groups for the cell experiments.
Cell death, cell division assays, and measurement of neurite outgrowth. Cell death in the various stable cell lines was induced with either staurosporine or thapsigargine. For staurosporine-induced cell death, cells were plated on 96-well plates at a density of 10,000 cells per well and maintained at 32°C for 1 day prior to the experiment. Next, staurosporine was added at various concentrations (0.05, 0.1, and 1 M) and incubated for 48 h. For thapsigargine-induced cell death, cells were plated on 96-well plates at a density of 5,000 cells per well, maintained at 39°C for 8 days, and incubated with 3 M thapsigargine for 48 h. Cell survival was assessed by crystal violet staining. Data collection was performed with a spectrophotometer at a wavelength of 550 nm.
Doubling times were determined during logarithmic growth on 24-well plates. A total of 10 4 cells were plated, and daily cell counts were obtained with a trypan blue exclusion assay for 1 week. All experiments were repeated at least six times.
The length of outgrowing neurites was assessed on day 8 at 39°C in three independent experiments with 70 randomly picked cells in each group by using KS400 software (Zeiss, Oberkochen, Germany). Statistics were performed with a two-tailed Student t test.
To assess Hsp70 neuroprotectivity, cells were transiently transfected with rat pECFP-C1-Hsp70 or pECPF-C1 (BD Biosciences, Franklin Lakes, N.J.) as described above 24 h prior to staurosporine treatment (see above). Vital and dead cells were counted under a fluorescence microscope in a blinded fashion by two investigators.
For the investigation of caspase activation in our model, cells were treated with 0.1 M staurosporine. After 12 h of incubation, caspase 3 activity was measured by using a Caspase Glo 3/7 detection system (Promega) according to the manufacturer's protocol.
Immunoblot and immunofluorescence analyses. Cell lysates were prepared at various times with HKME buffer as described previously (19) . Briefly, proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. Blocking was done with 5% skim milk-2% bovine serum albumin in 10 mM Tris (pH 7.5)-142 mM NaCl-0.1% Tween 20 at room temperature for 2 h. Next, the blots were incubated in the same solution with polyclonal primary antibody BUR1680 against the BAG protein (1:1,000; described in detail in references 19 and 38) as well as monoclonal antibodies against myc (1:1,000; Santa Cruz Biotechnology, Santa Cruz, Calif.) and phosphorylated mitogen-activated protein kinase Erk1/2 and mitogen-activated protein kinase Erk1/2 (1:1,000; Cell Signaling, Beverly, Mass.), followed by horseradish peroxidase-conjugated anti-mouse or anti-rabbit immunoglobulin G (Bio-Rad, Hercules, Calif.) secondary antibodies. Bound antibodies were visualized by using an enhanced chemiluminescence detection system (Amersham, Freiburg, Germany). The binding of BAG1 to Hsp70 as well as the lack of Hsp70 binding by BAG⌬C was shown previously multiple times (32, 34, 37) .
For immunofluorescence analysis, wild-type cells and those stably transfected with BAG⌬C were trypsinized and placed on chamber slides. Cells were maintained at either 32 or 39°C until further processing. After various times, cells were washed with PBS and fixed in PBS containing 4% paraformaldehyde for 10 min at room temperature, followed by several washes with PBS. Permeabilization was performed with 0.5% Triton X-100-PBS for 10 min; subsequent preblocking was done with PBS containing 2% normal goat serum. Cells were incubated in blocking solution containing the following primary antibodies: BUR1680 (1: 1,000), anti-myc (1:250; Santa Cruz), and anti-NeuN (1:200; Chemicon, Temecula, Calif.). After three washes with PBS and incubation with fluorescein isothiocyanate-or Cy3-conjugated secondary anti-mouse or anti-rabbit antibodies (1:500; Dako, Glostrup, Denmark) for 1 h at room temperature, the slides were covered with Vectashield mounting medium containing 1.5 g of 4Ј,6Ј-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, Calif.)/ml and sealed with Cytoseal 60 mounting medium (Stephens Scientific, Riverdale, N.J.).
RESULTS
Overexpression of BAG1 and BAG⌬C in neuronal cells. The C-terminal region of the BAG1 protein contains the Hsp70 binding BAG domain. We therefore compared the effects of full-length BAG1 and of a mutant lacking this C-terminal domain. CSM14.1 neuronal cells (51) were stably transfected with a plasmid encoding full-length BAG1 (19) or myc-tagged mouse BAG⌬C (residues 1 to 190 of full-length BAG1) driven by the cytomegalovirus promoter (Fig. 1A) . Moreover, SHSY-5Y cells were stably transfected with full-length BAG1. By immunoblotting, we found strong expression of BAG⌬C in CSM14.1 cells (Fig. 1B) as well as BAG1 in SHSY-5Y cells (Fig. 1C) , with BAG⌬C migrating in gels slightly faster than endogenous BAG1 (Fig. 1B) .
Immunofluorescence microscopy revealed an extensively cytosolic localization in cells stably overexpressing BAG⌬C ( Fig.  2B and F). This result was markedly different from that obtained for wild-type cells ( Fig. 2A and C) and cells overexpressing full-length BAG1, where we observed both nuclear expression and cytosolic expression in undifferentiated cells under control conditions ( Fig. 2D and H) . No staining was observed in CSM14.1 control cells when anti-myc antibody was used ( Fig. 2E and G) . Omission of the first antibody served as an additional control (data not shown).
Chaperone foldase activity sensor cdYFP. To assess the impact of BAG1 and BAG⌬C on chaperone activity in intact cells, we generated cdYFP. This chaperone foldase activity sensor was identified from a random mutagenesis screen of YFP by visual inspection of the bacterial phenotype of the colonies (see the supplemental material). The typical and obvious heterogeneous distribution of fluorescence in the colonies expressing foldase-sensitive mutants (Fig. 3A) is explained by the spontaneous upregulation of the bacterial chaperone program due to the presence of high concentrations of unfolded YFP in the bacterial cytoplasm (16) . It is known that green fluorescent protein folding in vivo involves chaperones and that green fluorescent protein variants follow different folding trajectories (29) . The increased dependence of cdYFP folding on chaperone activity was confirmed by the fact that the fluorescence yield was greatly increased by the induction of chaperones in liquid bacterial cultures after cold ethanol shock (42), which gave rise to an ϳ40-fold increase in fluorescence yield (Fig. 3B ) and the appearance of a clear peak at the YFP chromophoric position (514 nm) in the absorption spectrum of the treated bacteria that was undetectable under noninduction conditions (data not shown).
To allow expression in mammalian cells, cdYFP was subcloned under the control of the cytomegalovirus promoter. Transient expression at 37°C in CHO cells resulted in the homogeneous distribution of low fluorescence intensities in different cells (Fig. 3C, green trace, and Fig. 3D ). This finding shows that the overexpression of poorly folded cdYFP by itself is not sufficient to significantly upregulate mammalian chaperone activity. Expression at a low temperature (25°C), in order to relax folding constraints, resulted in a three-to fourfold increase in fluorescence (Fig. 3C, red trace, and Fig. 3E ). This finding confirms the impaired folding pathway of cdYFP.
Sequencing analysis of cdYFP selected for our study revealed a glycine-to-serine substitution at amino acid position 32 of YFP. This position is located near the end of the second ␤ strand of the barrel. The 11-␤-strand barrel surrounding the central ␣ helix that contains the chromophore represents a difficult folding task. The correct conformation of the second ␤-strand end and presumably the transition into the third ␤ strand through only a small loop are apparently critical for the correct formation of the entire barrel, which shields the chromophore and provides the proper amino acid side chain context for the chemical formation of the chromophore. Chaperone-mediated folding at this critical initial part of the YFP polypeptide corrects the gross structural defect in the barrel and allows the YFP structure to settle into a form that can accommodate fluorescence. To determine the concentrationindependent folding efficiency of cdYFP under various experimental conditions, a concentration reference fluorophore was introduced. In one implementation, an HA epitope was introduced at the cdYFP C terminus to yield HA-cdYFP. The total concentrations of expressed fluorescent cdYFP and nonfluorescent cdYFP can be determined from the fluorescence emission intensity of a Cy5-labeled secondary antibody. This method is used to obtain the distribution and relative concentration of folded cdYFP by image division. In an alternative implementation of the folding sensor, CFP is coexpressed to serve as a reference fluorophore. The advantage over antibody staining is that this assay can be used in living cells, but at the cost of quantification accuracy, as the levels of translated CFP and cdYFP cannot be precisely controlled. We used the quasiquantitative coexpression method of magnet-assisted transfection and found essentially identical results for the measurements described below, but with higher noise contents and cell-to-cell variations (data not shown). For the antibody reference, the reference is on the same molecule as the folding fluorophore, giving rise to robust and sensitive signals.
To show the sensitivity of the HA-cdYFP folding biosensor to the major mammalian chaperone Hsp70, we compared the folding efficiency of the sensor in wild-type CHO cells with that obtained upon transient coexpression of CFP-Hsp70. In wildtype cells, a single prominent folding peak was observed (Fig.  4A, green trace, and Fig. 4C ). Coexpression of Hsp70 in CHO cells resulted in a dramatic increase in the folding ratio (Fig.  4A, red trace, and Fig. 4D) , with a skewed distribution to a very high ratio. The use of CFP-Hsp70 allowed us to relate the levels of expression of Hsp70 to the folding efficiency on a cell-by-cell basis. The emission of CFP-Hsp70 can be collected without interference from the higher-wavelength fluorophores used with the foldase sensor (YFP and Cy5) and provides a measurement of the levels of expression of the chaperone. The distributions of folding activity and the levels of expression were plotted against each other to reveal a clearly correlated relationship (Fig. 4B) . This experiment demonstrates that the foldase assay reports on the level of Hsp70 chaperone foldase activity in intact cells.
BAG1-mediated folding response. We next proceeded to compare the effects of stable overexpression of BAG1 and its C-terminal deletion mutant, BAG⌬C, in CSM14.1 nigral cells (Fig. 5) . Wild-type CSM14.1 cells exhibit the same narrow distribution of relatively low cdYFP fluorescence as untreated wild-type CHO cells (Fig. 3C, green trace) . The overexpression of full-length BAG1 protein dramatically changed this distribution; a new, broad, and high folding efficiency distribution was detected in CSM14.1 cells (Fig. 5A, red trace) . The majority of folded cdYFP exhibited an ϳ2.5-fold increase in fluorescence, but the folding efficiency ranged to as much as a 7-fold increase over that seen in the wild-type situation. The same effect held true for human SHSY-5Y cells stably transfected with BAG1 (Fig. 6 , red trace) compared to wild-type SHSY-5Y cells (green trace). This shift was comparable in magnitude to the effect obtained with transient, high-level overexpression of Hsp70, indicating the physiological significance of the regulatory effect of BAG1 on Hsp70. This broad folding efficiency distribution is due to the presence of differently folded intermediates in the analyzed cells. The inset in Fig. 5A shows the presence of discrete distributions among BAG1-overexpressing cells that contain cdYFP, indicative of different equilibria between folding intermediates generated by variations in foldase activities between cells. These consist of species with ϳ2-fold (Fig. 5A , inset, blue curves), ϳ3-to 4-fold (green curves), and ϳ4-to 5-fold (red curves) average increases in folding activities. The BAG⌬C mutant, lacking Hsp70 binding capacity, failed to produce this increased folding response in stably expressing CSM14.1 cells (Fig. 5A, blue  trace) . This result demonstrates the critical importance of the integrity of the BAG binding domain for the chaperone activity of BAG1. In fact, the folding efficiency distribution of the BAG⌬C mutant showed a bimodal distribution, with a small peak overlapping the positions of untreated and wild-type cells (green traces in Fig. 3C and 5A) and a new, major peak at a lower folding efficiency (ϳ0.8). We assign the recurring prominent peak in untreated and native cells to a stable folding intermediate towards properly folded cdYFP (which we normalized to 1). The new low-efficiency peak observed in the BAG⌬C mutant, which is also present as a shoulder in the untreated and native folding traces, represents the most poorly folded intermediate that can be assigned in cells. We assign folding ratios of Ͼ2 to more fully folded forms. These forms are observed only upon active induction of cellular folding activities, indicating that the endogenous chaperone activity apparently does not suffice to process cdYFP beyond the first partial folding step. The foldase activity needed for further folding obviously exceeds that which is natively present. Upon induction of chaperone activity, both by Hsp70 overexpression or by modulation of endogenous Hsp70 via BAG1 overexpression, the folding pathway apparently diverges to allow for graded "tuning" of folding Only ϳ25% of cdYFP is partially folded in BAG⌬C-expressing cells, in comparison to Ͼ90% for wild-type cells. This finding implies that truncation of the BAG domain generates a strong dominant-negative phenotype with respect to folding, since folding activity is almost completely impaired.
BAG⌬C abolishes BAG1-dependent neuroprotection. Having established the BAG1-dependent induction of chaperone activity in rat CSM14.1 and SHSY-5Y cells, we were interested in how the phenotype of these cells is changed when they stably express the deletion mutant BAG⌬C, which is no longer capable of inducing this activity (see above). We first examined BAG1 neuroprotectivity. Treatment of CSM14.1 cells with the phospholipid-and calcium-dependent protein kinase inhibitor staurosporine induces mainly apoptotic cell death. At 24 to 48 h, 20 to 40% of wild-type cells survived staurosporine treatment (Fig. 7A) . CSM14.1 cells stably overexpressing BAG⌬C did not exhibit increased cell survival rates, whereas overexpression of full-length BAG1 significantly protected against staurosporine-induced cell death (Fig. 7B) , as shown previously for serum deprivation (19) . In a second experimental approach, we applied thapsigargine, a potent IP3-independent intracellular calcium releaser which is known to induce apoptosis. At 48 h, approximately 60% of wild-type cells had undergone apoptosis, which was effectively prevented in cells stably overexpressing BAG1. In contrast, stable expression of BAG⌬C did not yield any significant difference in cell survival compared to that seen in wild-type CSM14.1 cells (Fig. 7B) . Therefore, BAG1 neuroprotectivity strongly correlates with its ability to induce chaperone activity in intact cells. Because we hypothesized that Hsp70 is a major chaperone mediating BAG1 neuroprotectivity, we examined whether Hsp70 exerts protectivity in our model. To this end, we transiently transfected CSM14.1 cells either with an empty CFP expression vector or with a plasmid containing rat Hsp70 tagged with CFP at the N terminus. As illustrated in Fig. 7 , Hsp70 substantially inhibited staurosporine toxicity.
Since it is still a matter of debate and controversy whether BAG1 neuroprotectivity is dependent on the inhibition of caspase activation, we finally wanted to know whether BAG1 overexpression-being highly protective in our model-is accompanied by decreased levels of activity of caspase 3, one of the main effectors of apoptosis in neurons. Surprisingly, we found no difference in caspase 3 activation 12 h after staurosporine treatment in BAG1-overexpressing cells compared to their wild-type counterparts (Fig. 7D) .
BAG⌬C still accelerates the differentiation of CSM14.1 cells. As described previously for cells overexpressing fulllength BAG1, we observed morphological changes in BAG⌬C-overexpressing cells already at the permissive temperature of 32°C. In contrast to the small and round shape of wild-type cells, BAG⌬C-overexpressing cells are larger and display a more polarized shape, suggesting an increased cytosol/nucleus ratio. To induce differentiation in our stable cell lines, we switched the culture temperature from 32 to 39°C (19, 51) .
To further explore the effects of BAG⌬C on neuronal differentiation, we first measured the length of axon-like processes. After 8 days of culturing at the nonpermissive temperature, only a few wild-type cells had grown processes. BAG1-and BAG⌬C-overexpressing cells had consistently grown long processes and formed nests with axon-like networks. Measurement of the lengths of these processes revealed a highly significant increase in these cells compared to wild-type cells (P Ͻ 0.001) (Fig. 8A) .
Second, we evaluated the doubling times of CSM14.1 cell transfectants expressing BAG1 or BAG⌬C. As in BAG1-overexpressing cells (19) , there was a highly significant difference in the generation times of BAG⌬C-expressing cells and wild-type cells at 32°C (P Ͻ 0.001). BAG⌬C-transfected cells were less proliferative, with an average generation time of 41 h, similar to BAG1-overexpressing cells. In contrast, wild-type CSM14.1 cells doubled, on average, every 25 h (Fig. 8B) .
Third, to correlate these changes in axon length and proliferation with neuronal differentiation, we also investigated the expression of the NeuN neuronal differentiation marker in these cells. Again, in agreement with findings for cells expressing full-length BAG1, we detected positive NeuN staining after 22 days of culturing at the nonpermissive temperature in most cells overexpressing BAG⌬C, while NeuN staining remained absent in CSM 14.1 control cells (Fig. 8C) . We conclude therefore that BAG⌬C retains its ability to promote neuronal differentiation, despite lacking cochaperone activity.
One may speculate that these observations are a consequence of the interaction of BAG1 with Raf-1 kinase. Thus, we finally checked whether BAG⌬C, like BAG1 (18), still induces Raf-1-dependent Erk phorphorylation. As shown in 
DISCUSSION
BAG1 has been characterized as a regulator and marker of neuronal differentiation exhibiting neuroprotective properties in vitro as well as in a transgenic mouse model in vivo (18, 19) . This multifunctionality has been suggested to be dependent on the binding partners interacting with BAG1 (37) . To explore the influence of the known binding partner Hsp70 on the above-mentioned features of BAG1, in the present study we stably overexpressed BAG⌬C, which was previously reported to lack Hsp70 binding capacity (34) . We used CSM14.1 cells, which originate from rat nigrostriatal neurons immortalized by expression of the temperature-sensitive simian virus 40 large T antigen. These cells show a high proliferation rate at a permissive temperature, while the inactivation of large T antigen at a nonpermissive temperature induces neuronal differentiation (51).
BAG1 but not BAG⌬C increases chaperone activity in living cells. It is known that chaperones interact with misfolded or partially folded polypeptides in order to prevent interactions that would result in aggregation. Chaperones belonging to the Hsp70 family process the majority of substrates within the eukaryotic cytosol. The main function of these chaperones is to fold newly synthesized proteins or to refold proteins after FIG. 7 . BAG⌬C does not protect against staurosporine (STS)-or thapsigargine-induced cell death, while Hsp70 is highly neuroprotective. (A) CSM14.1 cells were treated with increasing concentrations of staurosporine for 48 h (n ϭ 6; mean Ϯ standard error of the mean [SEM]; double and triple asterisks indicate P values of Ͻ0.01 and Ͻ0.001, respectively). Overexpression of full-length BAG1 resulted in highly significant protection against staurosporine-induced toxicity, while cells overexpressing BAG⌬C were not protected but showed a trend toward even higher susceptibility to staurosporine toxicity than wild-type (WT) cells. (B) CSM14.1 cells were treated with 0.3 M thapsigargine for 48 h (n ϭ 6; mean Ϯ standard deviation [SD] ; triple asterisks indicate a P value of Ͻ0.001). While BAG1-overexpressing cells exhibited strong resistance against ER stress, cells overexpressing BAG⌬C and wild-type cells did not. (C) CSM14.1 cells were transiently transfected with ECFP-Hsp70, and cell survival was assessed after treatment with staurosporine as described for panel A. A total of 1,000 green cells from three independent experiments were evaluated by two investigators as vital or dead (mean Ϯ SEM; triple asterisks indicate a P value of Ͻ0.001). Hsp70 overexpression proved to be highly protective. (D) Caspase 3 activity was measured in a fluorogenic assay for CSM14.1 (CSM) wild-type and BAG1-expressing cells with or without 0.1 M staurosporine challenge for 12 h (n ϭ 4; mean Ϯ SD). While staurosporine treatment induced marked caspase 3 activity, no significant difference between wild-type and BAG1-expressing cells could be documented. AU, arbitrary units; ctrl, control.
VOL. 25, 2005 BAG1 NEUROPROTECTION BY Hsp70 ACTIVATION 3721 stress denaturation through ATP binding and hydrolysis (6, 12, 48) . The subcellular localization and the substrates of such chaperones are predominantly determined by a number of regulatory or accessory cochaperones. In general, such cochaperones consist of a chaperone binding domain and other domains involving different activities or localizations within cells. BAG1 is one of those known cochaperones. It has a C-terminal BAG domain which binds mainly by electrostatic interactions to Hsp70 (33) . BAG1 binds to the ATPase domain of Hsp70, resulting in a potent acceleration of ATPase activity (13) . Further investigations revealed that this acceleration is due to the stimulation of ADP release via opening of the nucleotide binding cleft of the Hsp70 ATPase domain (10, 13, 33) . BAG1 thereby acts as a nucleotide exchange factor for Hsp70, triggering substrate unloading from the chaperone. Although the mechanism of the BAG1-Hsp70 interaction has been studied extensively, the influence of BAG1 on chaperone foldase activity is still a subject of controversy and debate. While some studies suggested BAG1 to be an inhibitor of ATP-dependent Hsp70 activity (11, 36, 49) , others presented strong opposing evidence for BAG1 as a stimulatory cochaperone (10, 41) . These opposing findings were attributed to differences in cofactor expression but also to the expression of various BAG1 isoforms, with the short forms of BAG1 acting as positive regulators and the longer forms acting as negative regulators of chaperone foldase activity (22) .
In this study, we demonstrated that the short isoform of mouse BAG1 dramatically increases chaperone foldase activity in neurons. This effect is species independent, since we observed it in rodent and human neuronal cells. To our knowledge, we are the first to demonstrate and quantify BAG1-dependent chaperone activity directly inside single cells in situ. These results were achieved by the generation of a novel folding-impaired YFP mutant whose folding dependence on chaperones is tuned such that it can be used as an effective sensor for cellular foldase activity. This cdYFP indicator protein can leave its intrinsically misfolded, nonfluorescent state upon correct refolding by cellular chaperones, thereby regaining detectable fluorescence. As an example, we showed the responsiveness of the cdYFP folding reaction to the major chaperone Hsp70. Other chaperones, such as Hsc70, which has also been implicated as a regulatory target for BAG1, are likely to contribute to correct cdYFP folding in case they are upregulated by BAG1 overexpression. By use of a spectrally different fluorescent concentration reference, a sensitive and reproducible sensor for cellular chaperone activity was achieved. This sensor allowed departure from conventional "artificial" extracellular activity assays, with all their procedural pitfalls, to observe chaperone activity through the microscope in intact cells in situ. The applicability of this novel sensor is underscored by our observation of discrete equilibria of the process of refolding of a misfolded protein in single cells. We therefore believe that the cdYFP sensor can be generally used for protein folding and refolding analyses beyond the scope of the present study.
In our experimental paradigm, wild-type rat CSM14.1 and human SHSY-5Y cells, as well as CHO cells, show a single prominent peak of folding activity. By comparison of the dif- Note that neurites in BAG⌬C-and full-length BAG1-overexpressing cells were significantly longer than those in wild-type cells (triple asterisks indicate a P value of Ͻ0.001). (B) Generation time assessed by counting cell numbers during logarithmic growth at a permissive temperature (32°C) over 1 week (n ϭ 6). Average generation time (mean Ϯ SD) was significantly longer in BAG⌬C-and full-length BAG1-overexpressing cells than in wild-type cells (triple asterisks indicate a P value of Ͻ0.001). (C) BAG⌬C-overexpressing cells (left and middle panels; magnifications, ϫ200 and ϫ400, respectively) and wild-type cells (right panels; magnification, ϫ200) after 22 days at a nonpermissive temperature were stained with fluorescein isothiocyanate-labeled NeuN and counterstained with DAPI. BAG⌬C-overexpressing cells displayed nuclear expression of the differentiation marker NeuN, which was absent in wild-type cells. (D) Cells overexpressing BAG1 or BAG⌬C showed similarly elevated levels of phosphorylated Erk1/2 expression compared to wild-type cells. (Fig. 4A , green trace versus red trace, and Fig. 5A ). Wild-type cells are not able to overcome the "second" step in protein refolding. In contrast, cells stably overexpressing BAG1 or Hsp70 directly show a prominent high-efficiency distribution indicating further advanced protein refolding. This distribution is broader and less symmetrical than the poorly and initially folded distribution. These highfolding activity distributions, when compared on a cell-by-cell basis, demonstrate the progressive dependence on the folding threshold on Hsp70 expression levels ( Fig. 4B ) and on discrete fine-tuning steps at more advanced refolding activities, e.g., upon BAG1 overexpression (Fig. 5A, inset) . Surprisingly, BAG⌬C, which lacks the Hsp70 binding C terminus, does not yield results similiar to those seen in wild-type CSM14.1 cells but seems to impair protein refolding even further. This observation is in line with results obtained by Gassler et al. (10), who measured the influence of BAG1 and a C-terminal deletion mutant of BAG1 on Hsp70 ADP turnover. They found an ϳ900-fold increase in ADP turnover in cells transfected with BAG1, whereas cells transfected with the deletion mutant displayed a 4-fold decrease (10). This effect was explained by the presence of an additional domain which is situated in an Nterminal location relative to the BAG domain, which is apparently important for the binding and activation of chaperones, and which acts in a dominant-negative manner on chaperone foldase activity. An interaction between Hsp70 and BAG1 is necessary for the neuroprotective effect but not for neuronal differentiation. The results discussed above posed the question of how BAG1 exerts its antiapoptotic activity and which protein interactions are necessary. It has been suggested that the linkage of BAG1 to the proteasome and its interaction with Hsp70 are important for cell survival in breast cancer cells and cardiomyocytes (43, 44) .
In our study, CSM14.1 cells overexpressing BAG⌬C, like wild-type cells but unlike BAG1-overexpressing cells, remained sensitive to apoptotic stimuli induced by staurosporine and thapsigargine. Since BAG⌬C cannot bind to Hsp70 and lacks chaperone activity, it is likely that the neuroprotective effect of full-length BAG1 in neurons is the result of the modulation of Hsp70 chaperone activity. Obviously, we cannot rule out the possibility that chaperones other than Hsp70 are bound and activated through the BAG domain of BAG1 and contribute to BAG1 neuroprotectivity. However, if the cytoprotective effect of BAG1 depends on Hsp70 activation, then Hsp70 by itself should exert neuroprotectivity in our experimental paradigm. In accordance with this notion, we show here that Hsp70 substantially blocks staurosporine toxicity. A proposed mechanism for the antiapoptotic effect of BAG1 via Hsp70 is suggested by other experiments, where it was found that the interaction of Hsp70 with Apaf-1 prevents the formation of the apoptosome, thereby averting the enforcement of the intrinsic apoptosis pathway (3, 30) . However, the precise mechanism by which apoptosis is abolished still remains to be elucidated, and it may not be assigned to the action of a single protein, such as Apaf-1. For example, Hsp70 has also been shown to protect cells from enforced caspase 3 expression. This finding indicates that Hsp70 is also able to block apoptosis downstream of apoptosome-dependent caspase activation (14) . In line with the latter results, we did not observe significant differences in caspase 3 activation 12 h following staurosporine treatment in wild-type and BAG1-overexpressing cells.
Since we demonstrated a highly significant upregulation of chaperone foldase activity in this study, we suggest that the interaction of BAG1 and Hsp70 is the key mechanism for delivering the neuroprotective effect of BAG1 by serving as a positive regulator of Hsp70 foldase activity in neurons. In this regard, not only is Hsp70 known to be a neuroprotectant in the context of ischemic neuronal death (8, 17, 21, 26, 27, 40) , but also it is known to suppress neuropathology in mouse models of polyglutamine repeat diseases, including spinocerebellar ataxia (7) and Huntington's disease (15) , as well as in amyotrophic lateral sclerosis (5, 46) . Since the three-dimensional structure of the BAG1-Hsp70-ATPase domain complex has been solved (33) and critical contact sites have been mapped for BAG1 binding and cochaperone activities (4), it is conceivable that small-molecule drugs that would have neuroprotective properties and that would occupy the BAG1 binding site on the ATPase domain of Hsp70 could be identified. These drugs would act as BAG1 mimics, thereby enhancing Hsp70 function. Additionally, BAG1 cDNAs might be considered for use in gene therapy applications for neurological diseases where cell loss represents the underlying pathological event.
Apart from the interaction of BAG1 with Hsp70, multiple BAG1 functions and interaction partners have been ascertained; these include the binding and activation of Raf-1 kinase, the regulation of proteasomal degradation, and differentiation-accelerating effects (1, 9, 19, 34, 38, 45) . It appears that an additional feature of the BAG1 protein is regulation of the cell cycle and proliferation. BAG1-overexpressing neurons, as well as human breast cancer cells, show signs of a prolonged cell cycle, with reduced proliferation but increased differentiation (19, 20, 23, 28, 34) . Moreover, it has been suggested that BAG1 is of importance for the developing nervous system. The p29 BAG1 isoform used in this study has been reported to localize mostly to the nucleus (19, 24) . However, there is a characteristic shift from mainly nuclear expression in proliferating neurons to mostly cytosolic expression in differentiating neurons in the mouse brain and in cell cultures (18) , with BAG⌬C being exclusively found in the cytosol (this study). Furthermore, BAG1
Ϫ/Ϫ mice died by embryonic day 13 and showed marked disturbances of cortical layering (47) .
Thus, in the present study, we were also interested in the influence of the Hsp70-BAG1 interaction on cellular differentiation. We assessed neuronal differentiation in CSM14.1 cells expressing BAG⌬C, wild-type cells, and cells overexpressing full-length BAG1. Interestingly, the accelerating effect of BAG1 on neuronal differentiation was independent of its binding to Hsp70. These cells displayed identical features of neuronal differentiation. One may speculate that these observations are a consequence of the interaction of BAG1 with Raf-1 kinase. Raf-1 kinase is crucially involved in cellular proliferation and differentiation (25) and has been shown to slow pro- (32) . BAG1 binds to Raf-1 kinase and increases its activity (34, 45) . In this study, we showed that the levels of Raf-1-mediated Erk phosphorylation were similarly elevated in cells overexpressing full-length BAG1 or BAG⌬C. Thus, Raf-1 kinase appears to be a promising focus for future experimental efforts to further dissect the cellular pathways modulated by BAG1.
